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Dual-­Controlled  Macroscopic  Motions  in  A  Supramolecular  
Hierarchical  Assembly  of  Motor  Amphiphiles  
Franco  King-­Chi  Leung,*,[a]  Takashi  Kajitani,[b]  Marc  C.  A.  Stuart,[a]  Takanori  Fukushima,[b]  and  Ben  L.  
Feringa*,[a]    
Abstract:  Three-­dimensional  unidirectionally  aligned  and  responsive  
supramolecular   hierarchical   assemblies   have   much   potential   in  
adaptive   materials   for   biomedical   and   soft   actuator   applications.  
However,   to   achieve   systematical   control   of   the   motion   of   stimuli-­
responsive  materials  by  orthogonal  external  stimuli  and  to  complete  
a  series  of  complicated  tasks  remains  a  grand  challenge.  Herein,  we  
demonstrate   a   novel   designed   hybrid   supramolecular   assembly   of  
molecular  motor  amphiphiles  that  also  serves  as  a  template  for  iron  
nanoparticles  growth,  and  as  a  consequence  this  soft  hybrid  material  
is  orthogonally  controlled  by  dual  light/magnetic  stimuli.  Macroscopic  
motor  amphiphile  strings,  decorated  with  iron  nanoparticles,  provide  
fast  response  photoactuations  and  magnet  induced  movements  that  
allows  a  precisely  controlled  cargo  transport  process.  
Functional  supramolecular  polymers  found  in  living  systems  are  
playing   vital   roles   in   key   biological   functions   magnificent  
expressed   in   controlled   transport   and   movement.[1–4]   While  
biological   systems   allow   precisely   controlled   supramolecular  
polymerization,   synthetic   supramolecular   polymers[5–7]   were  
implemented   with   functional   tunability   and   stimuli  
responsiveness  features  by  delicate  organic  molecular  design.[6–
15]   This   strategy   allows   the   construction   of   hierarchical  
supramolecular   systems   to   provide   various   man-­made   stimuli-­
responsive   functions   along   multiple   length-­scales.   At  
microscopic   length-­scale,[11,12]   numerous   amphiphilic   molecules  
have   been   shown   to   assemble   into   one-­dimensional   (1D)  
supramolecular   polymers   allowing   various   functions,[16,17]   e.g.,  
morphological   transformation[18–27]   and   control   of   cell  
growth.[18,28,29]  Furthermore,  it  has  been  demonstrated  that  these  
1D   supramolecular   polymers   can   be   controlled   by   external  
stimuli,   for   instance,   light,[22]   heat,[18,30]   pH,[23,25,27–29]   small  
organic   molecules,[20,26]   and   ions.[19,21]   Some   of   the   1D  
supramolecular   polymers   can  be   controlled  by   various  external  
stimuli   simultaneously,[24,31]   allowing   orthogonal   control   of  
supramolecular   polymers   functions.   At   macroscopic   length-­
scales,   the   obtained   1D   supramolecular   polymers   of  
unimolecular   amphiphiles   can   further   assemble   into   randomly  
entangled  3D  networks,  alternatively,  3D  unidirectionally  aligned  
hierarchical   supramolecular   structures      generate   exciting  
opportunities   towards   applications   in   regenerative   biomedical  
materials,[32–34]   anisotropic   actuators,[35,36]   electronic   and  
optoelectronic  materials.[37–39]  We  recently  demonstrated  the  first  
photo-­controlled   unidirectionally   aligned   hierarchical  
supramolecular   structure   in   aqueous  media   to   realize   a   photo-­
controlled  macroscopic  muscle-­type  actuation  in  both  water  and  
air.[36]  This  small  molecule  supramolecular  approach  provides  a  
complementary   method   to   existing   macroscopic   actuators  
obtained  by  stimuli-­responsive  crystals,[40–43]  polymeric  gel,[44–47]  
and   polymeric   liquid   crystals.[48–54]   Noticeably,   the   orientational  
structural  order  of   the  macroscopic   string  of  motor  amphiphiles  
(MA)   could   be   fine   adjusted   by   the   electrostatic   interaction  
between  carboxylate  groups  of  MA  and  counter-­ions,  e.g.,  Ca2+  
and  Mg2+,  allowing  a  precise  control  of  actuation  speed  by  non-­
invasive  photoirradiation.[55]  The  large  anisotropic  morphological  
transformation   of   a   MA   string   could   potentially   provide   novel  
strategies   for   various  macroscopic   soft   robotic   tasks,   including  
cargo  carrier  and  weight  lifting,  which  remains  highly  challenging  
for   isotropic   motions   of   the   randomly   entangled   3D  
supramolecular   networks.   To   exert   the   full   potential   of   the  
unidirectionally   aligned   hierarchical   supramolecular   structure   of  
MA,   an   alternative   non-­invasive   external   stimulus,   functioning  
orthogonally  with   light,   is   urgently   needed   for   developing  more  
sophisticated   macroscopic   motion   processes   based   on   a   MA  
string.   However,   to   the   best   of   our   knowledge,   dual   controlled  
macroscopic   functions   of   a   unidirectionally   aligned   hierarchical  
supramolecular  structure  has  remained  unexplored.    
  
Herein,   we   demonstrate   a   dual   light/magnetic   field   controlled  
hybrid   supramolecular   material   by   the   templating   growth   of  
magnetite   nanoparticles   (Fe3O4)   onto   molecular   motor   based  
supramolecular   nanofibers   of   MAs.   The   MA   nanofibers  
decorated  with   iron   nano-­particles   (FeNP)   are   assembled   by   a  
shear   flow  method   in   a  CaCl2   solution   to   afford   3D-­assembled  
macroscopic   string.   The   macroscopic   string   of   MA   is  
actuated/moved  upon  photo-­irradiation  while  placed  closely  to  a  
permanent   magnet.   Stupp   et   al.   have   demonstrated   that   the  
histidine   functionalized  peptide  amphiphilic   nanofibers   serve  as  
a  template  of  Fe3O4  nanoparticles  to  control  the  morphology  and  
size  uniformity  of  the  FeNP.[56]  The  MAHis  was  designed  with  the  
second-­generation   molecular   motor   attached   with   a   dodecyl  
chain   to   the   upper   half   and   two   histidine   moieties   were  
connected   with   alkyl-­linkers   as   the   lower   half   of   the   motor  
(Figure  1).  Fe2+  and  Fe3+  ions  serve  as  precursors  of  the  Fe3O4  
formation  by  binding  to  the  imidazole  motifs  of  histidine  and  the  
terminal   carboxylic   acid   groups   of  MAHis.   By   elucidation   of   the  
key   design   principles   of   the   supramolecular  muscle,   this   could  
open  up  new  prospects  towards  the  development  of  dual  stimuli-­
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Figure   1.   Schematic   illustration   of   the   molecular   structure   of  
molecular   motor   amphiphile   (MAHis),   the   hierarchical  
organization   and   photoactuation   and   magnetic   field   induced  
motions   of   the   assembled   structures   in   the   obtained  
macroscopic  string.  
  
The   synthesis,   characterization   and   photoisomerization  
processes   of   MAHis   are   summarized   in   the   Supporting  
Information   (Figures   S11–16).   The  MAHis   (5.0   wt.%,   39.5  mM)  
was   dissolved   in   double   deionized  water   at   25   °C.  A  Nile  Red  
fluorescence   assay   (NRFA),   which   probes   the   internal  
hydrophobicity   of   assembly,   revealed   a   decrease   in   blue   shift  
when   diluting   beyond   0.01  mM   of  MAHis   and   showed   a   critical  
aggregation   concentration   (CAC)   of   3.15  µM   (Figure   S1).   This  
freshly  prepared  solution  of  MAHis  diluted  into  0.5  wt.%  (3.95  mM,  
above  CAC)  was   imaged  using  cryogenic   transmission  electron  
microscopy   (cryo-­TEM)   revealing   that   MAHis   assembled   into  
short   fibers   (50~100   nm   in   length)   and   about   7   to   8   nm   in  
diameter   (Figure   S2a),   while   no   significant   change   was  
observed  after  1  week  aging  of  the  identical  sample  (Figure  S2b).  
Interestingly,   these   fibers   grew   longitudinally   into   hundreds   of  
nanometers  to  micrometers  in  length  after  4  weeks  aging  in  the  
identical   medium,   while   the   diameter   remained   unchanged  
(Figures  2a).  Subsequent  mineralization  of  MAHis  nanofibers  (6.3  
µL,   39.5   mM),   using   FeCl2:FeCl3   (1:2,   5.0   µL,   100   mM),   was  
performed   to   yield   a   pale   yellow   solution   after   exposure   to  
ammonia  vapors  for  30  min  at  25  °C  to  afford  MAHis/FeNP  without  
disruption   of   fibers   integrity   (Figures   2b).   Notably,   most   of   the  
particles  (~3  nm  in  size)  formed  in  direct  contact  with  the  MAHis  
nanofibers  surface.  The  presence  of  these  small  particles  at  the  
nanofibers  suggested  that  nucleation  and  growth  may  take  place  
on   the   fiber   surface   instead   of   in   solution.[56]   However,  
mineralization  of  MAC10  nanofibers  (Figure  S3),  performed  by  the  
identical   method,   has   shown   that   less   particles   are   in   direct  
contact  with  the  fibers  than  those  of  in  the  mineralized  sample  of  
MAHis/FeNP   (Figure   2b).   The   results   indicated   that   the   imidazole  
and  carboxylic  acid  moieties  of  histidine  play  key  roles  in  Fe3O4  
nanoparticles   nucleation   and   growth   on   the   MAHis   nanofiber  
surface.    
  
Figure  2.  (a)  Cryo-­TEM  images  of  MAHis  (3.95  mM,  above  CAC)  
aged  for  4  weeks.  (b)  Cryo-­TEM  image  of  MAHis  nanofibers  aged  
for  4  weeks  (6.3  µL,  39.5  mM)  was  added  with  FeCl2:FeCl3  (1:2,  
5.0  µL,   100  mM)  and   then  exposed   to   ammonia   vapors   for   30  
min  at  25  °C  to  afford  MAHis/FeNP  that  diluted  to  3.95  mM  as  final  
concentration.  
  
With   the   FeNP   decorated   MAHis   nanofibers   (MAHis/FeNP),   this  
hybrid  supramolecular  polymer  was  assembled  into  macroscopic  
length-­scale   hierarchical   structure   by   applying   a   shear   flow  
method  in  aq.  CaCl2  solution  (150  mM).  This  weak  macroscopic  
string   showed   no   unidirectional   alignment   in   scanning   electron  
microscopy   (SEM)   and   polarized   optical   microscopy   (POM)  
measurements   (Figure   S4a   and   S4b).   Meanwhile,   a  
macroscopic  string  prepared  from  MAHis  solution  (5.0  wt.%,  39.5  
mM)  showed  weak  alignment   in  POM  and  SEM  measurements  
(Figure   S5a   and   S5b).   To   provide   structural   parameters   and  
orientation  order  of  MAHis  nanofibers   in   the  macroscopic  string,  
through-­view   small-­angle   X-­ray   scattering   (SAXS)  
measurements   were   performed.   In   the   2D  SAXS   image   of   the  
MAHis   string   prepared   from   CaCl2   solution   on   a   sapphire  
substrate   at   25   °C   (Figure   S5c),   a   pair   of   weak   spot-­like  
scatterings   was   observed   in   a   smaller-­angle   region   (q   =   0.1–
0.45   nm–1)   (Figure  S5c,   inset),   which   is   due   to   scattering   from  
the   unidirectionally   aligned   nanofiber   bundles   of   MAHis.   The  
diffraction   arc   with   d-­spacing   of   6.39   nm   (Figure   S5d),   arising  
from  the  diffraction  from  the  (001)  plane  of  a   lamellar  structure,  
while   the   string  prepared   from  MAHis/FeNP   showed  no   scattering  
and  alignment   in   the  measurement   (Figure  S4c  and  S4d).   The  
results  indicated  that  carboxylic  acid  groups  of  MAHis  have  been  
occupied   in   mineralization   with   ferric   ions   to   prohibit   further  
alignment  of  MAHis/FeNP  nanofibers  by  the  shear  flow  method  in  a  
CaCl2  solution.  
  
To   improve   the   orientation   order   and   mechanical   stability   of  
MAHis/FeNP   macroscopic   nanofibers,   MAC10   nanofibers   were  
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structural   and   orientation   order   than   that   of  MAHis   nanofibers  
observed   in   SAXS   measurements.   The   freshly   prepared  
MAHis/FeNP   nanofibers   blended   with   MAC10   nanofibers   (molar  
ratio:  1:2)  was  ejected  into  a  swallow  pool  of  CaCl2  solution  (150  
mM)   on   a   sapphire   substrate   at   25   °C   to   afford   a   stable  
macroscopic   string.  The  string  showed  uniform  birefringence   in  
the  direction  of   the  string   long  axis   in  POM  images  (Figures  3a  
and   S6).   Notably,   no   iron   nanoparticles   exchange   between  
nanofibers  of  MAHis/FeNP  and  MAC10  was  observed  by  cryo-­TEM  
(Figure   S7).   SEM   images   of   the   string   showed   arrays   of  
unidirectionally  aligned  nanofiber  bundles  (Figure  3b).  The  POM  
and  SEM  images  are  essentially   identical  to  that  of  observed  in  
the   string   prepared   form   MAHis:MAC10   (molar   ratio   1:2)   (Figure  
S8a  and  S8b).  In  the  2D-­SAXS  image  of  MAHis/FeNP:MAC10  string,  
a   pair   of   spot-­like   scatterings  was   observed   in   a   smaller-­angle  
region   (q   =   0.1–0.45   nm–1)   (Figure   3c,   inset),   which   is   due   to  
scatterings  from  the  unidirectionally  aligned  nanofiber  bundles  of  
MAHis/FeNP:MAC10.  The  diffraction  arc  with  d-­spacing  of  6.19  nm  
oriented  from  the  diffraction  of  (001)  plane  of  a  lamellar  structure,  
indicating   that   the   degree   of   alignment   in   the   blend   string  was  
improved  (Figure  3d)  compared  to  that  observed  in  the  string  of  
MAHis  (Figure  S5c  and  S5d).  It  should  be  noted  that  a  structural  
disordering   was   observed   in   the   lamellar   structure   of   string   of  
MAHis/FeNP:MAC10   (Figure   3c   and   3d)   in   comparison   to   the  
lamellar  structure  of  string  of  MAHis:MAC10  (Figure  S8c  and  S8d),  
however  the  muscle  function  can  still  be  achieved  (vide  infra).  
  
Figure   3.   (a)   POM   images   of   a   macroscopic   aligned   string  
composed   of  MAHis/FeNP:MAC10   (molar   ratio   1:2)   prepared   from  
aq.  solutions  of  CaCl2   (150  mM)  under  crossed  polarizers.  The  
POM   images   of   the   string   were   tilted   at   45°,   135°,   225°,   and  
315°  relative  to  the  transmission  axis  of  the  analyzer.  Scale  bar  
for   all   panels.   (b)   SEM   and   (c)   2D   SAXS   images   of   a  
macroscopic   aligned   string   composed   of   MAHis/FeNP:MAC10  
(molar  ratio  1:2)  (inset:  enlarged  2D  image  for  q  =  0.1–0.45  nm–1  
at  25  °C.  (d)  1D  SAXS  patterns  of  a  macroscopic  aligned  string  
composed   of   MAHis/FeNP:MAC10   (molar   ratio   1:2)   of   2D   SAXS  
images   in   (c),   showing   the   diffraction   pattern   in   the   direction  
perpendicular  to  long  axis  of  the  string.    
  
Upon  photoirradiation  (λ  =  365  nm),   the  MAHis/FeNP:MAC10  string  
bent   towards   the   light   source   from   initial   angle   of   0°   to   a  
saturated  flexion  angle  of  90°  within  25  s,  which  is  proof  of  large  
amplitude   actuation   of   the   hybridized   soft   material   (Figure   S9  
and   Movie   S1).   To   investigate   the   structural   changes   during  
photoactuation  of  the  MAHis/FeNP:MAC10  string,  we  carried  out   in-­
situ  SAXS  measurements  (Figures  4,  S10,  and  Movie  S2).  Upon  
exposure  to  the  X-­ray  beam,  the  string  gave  a  diffraction  pattern  
(Figures   4a   and   S10a)   which   is   essentially   identical   to   that   of  
observed   for   a   string   on   a   sapphire   (Figure   3c   and   3d).  
Following  UV  light  irradiation  for  60  s  in  total,  the  string  bent  by  
25°  towards  the  incident  light  source  (Figure  4b,  inset).  The  1D-­
diffraction   pattern   showed   that   the   d-­spacing   of   the   diffraction  
from  the  (001)  plane  was  increased  from  6.21  to  6.33  nm  in  the  
resulting  SAXS  pattern   (Figures  4b  and  S10d).  The   increase   in  
the  d-­spacing  due   to   the  diffraction  of   the  (001)  plane   indicates  
that  this  photoactuation  process  is  accompanied  by  an  increase  
in  the  diameter  of  the  nanofibers.  Furthermore,  the  pair  of  spot-­
like   scatterings   in   a   smaller-­angle   region   (q   =   0.1–0.45   nm–1),  
which   is   initially   observed   in   the   horizontal   direction   (Figure  
S10e–S10h),  started   to  rotate   in  response  to  UV   light,   resulting  
in  a  tilt  angle  of  25°  after  60  s  irradiation  in  total,  where  the  string  
bent   by   25°   (Figure   4b,   inset).   This   consistency   between   tilt  
angle   of   the   scatterings   and   the   bending   angle   of   the   string  
indicates  that  the  macroscopic  bending  of  the  string  is  caused  by  
orientational   changes   of   the   unidirectionally   aligned   nanofiber  
bundles.    
  
Figure  4.  1D  SAXS  patterns  and  photographs  (inset  scale  bars,  
500  μm)  of  a  string  suspended  in  air  after  UV  irradiation  at  25  °C  
for  (a)  0  s  and  (d)  60  s.  Intersections  of  the  two  white  lines  in  the  
photographs   represent   the  centre  of   the  X-­ray  beam.  Values   in  
parentheses  in  the  1D  SAXS  patterns  indicate  Miller  indices.  
  
When  a  magnet  was  placed  close  to  the  MAHis/FeNP:MAC10  string,  
a  bending  motion  towards  the  magnet  was  observed  within  2  s,  
indicating  that  the  MAHis/FeNP:MAC10  string  can  also  be  controlled  
by  magnetic   stimulus   (Figure   5a   and  Movie   S3).   To   provide   a  
dual   controlled   process   of   the  MAHis/FeNP:MAC10   string,   a   cargo  
transport  experiment  was  carried  out  (Figure  5  and  Movie  S4).  A  
MAHis/FeNP:MAC10  string  was  prepared  and  placed  at  position  A  in  
the  pool  of  aq.  CaCl2  solution  (150  mM,  Figure  5b),  while  a  piece  
of   paper   has  placed  at   position  B.  A  magnet  was  employed   to  
guide   the  MAHis/FeNP:MAC10   string  moving   from   position   A   to   B  
(Figure   5c).   Upon   photoirradiation   (λ   =   365   nm),   the  
MAHis/FeNP:MAC10  string  started  to  change  from  a  linear-­shape  to  
a   curved-­shape   within   60   s,   which   the   light   source   is   ~   1   cm  
away   from   the  MAHis/FeNP:MAC10  string   (Figure  5d).  The  curved-­
shape  MAHis/FeNP:MAC10  string  was  carrying  the  piece  of  paper  to  
move  from  position  B  to  C,  and  this  process  was  guided  by  the  
magnet   (Figure   5e)   When   the   back-­side   of   curved-­shape  
MAHis/FeNP:MAC10   string   was   irradiated   (λ   =   365   nm),   it  
transformed   from   curved-­shape   to   linear-­shape   inducing   the  
unloading   process   at   position  C   (Figure   5f).   Finally,   the   linear-­
shape  MAHis/FeNP:MAC10  string  was  guided   to  position  D  (Figure  
5g).   This   experiment   successfully   demonstrated   the  
MAHis/FeNP:MAC10  string  was  controlled  orthogonally  by   light  and  
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Figure   5.   (a)   Snapshots   of   a  MAHis/FeNP:MAC10   string   in   CaCl2  
solution   (150   mM)   bends   towards   a   magnet   from   the   right.  
Snapshots  of  a  dual-­controlled  cargo  process   in  CaCl2   solution  
(150   mM)   (b)   MAHis/FeNP:MAC10   string   (Position   A)   and   paper  
(Position   B),   (c)   the   string   moved   toward   position   B,   (d)   the  
string  changed  to  a  curved-­shape  upon  photoirradiation,  (e)   the  
paper  was  carried  to  position  C  by  the  string  which  guided  by  a  
magnet,   (f)   the   string   changed   to   a   linear-­shape   upon  
photoirradiation,   (g)   the   paper   was   unloaded   and   the   string  
moved  to  position  D.  
  
In  summary,  motor  amphiphiles   functionalized  with   the  histidine  
moieties   at   the   lower   half   of   the  motor  motif   were   synthesized  
and   probed   for   hierarchical   assembly   and   dynamic   properties.  
Nanofibers   of   MAHis   and   FeNP   decorated   nanofibers   of  
MAHis/FeNP   in   water   were   observed.   By   applying   a   shear   flow  
method,   macroscopic   strings   of   MAHis   and   MAHis/FeNP:MAC10  
prepared  from  calcium  chloride  solution  provided  a  unidirectional  
alignment   which   facilitated   a   fast   response   to   light   during  
photoactuation.   Furthermore,   the   macroscopic   string   of  
MAHis/FeNP:MAC10   was   controlled   by   a   magnet   to   show  
macroscopic   movements   and   applied   for   a   cargo   transport  
process  to  perform  a  load/unload  and  translocation  actions.  The  
current   approach   demonstrates   the   potential   of   generating  
muscle-­like   function   and   cargo   transport   by   dual   stimuli  
controlled   events   and   opens   a   new   direction   for   generating  
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3D  unidirectionally  aligned  responsive  
supramolecular  hierarchical  
assemblies  have  much  potential  in  
biomedical  materials  and  soft  
actuators.  Macroscopic  motor  
amphiphile  strings,  decorated  with  iron  
nanoparticles,  provide  fast  response  
photoactuation  and  magnet  induced  
movements  that  allows  a  systematic  
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